INTRODUCTION
============

Bcl-2 family proteins function as regulators and executors of apoptotic signals at the mitochondrial outer membrane (MOM) \[[@B1]\]. The fate of a cell is dictated by complex protein--protein and protein--membrane interactions of the pro- and anti-apoptotic Bcl-2 family members \[[@B2]\]. For most cells, MOM permeabilization (MOMP) by the executor Bcl-2 family pro-apoptotic proteins Bax and Bak commits the cell to undergo apoptosis. Since dysregulation of apoptosis is critical not only for tumour initiation, but also for tumour maintenance and survival, small molecules that modulate Bax and Bak activity are of critical importance from a mechanistic and therapeutic point of view \[[@B3],[@B4]\].

It is widely accepted that MOMP occurs when Bax and/or Bak undergo complex conformational changes including the exposure of a buried N-terminal region, insertion of parts of the protein into the bilayer, oligomerization and the formation of a lethal pore \[[@B5]--[@B7]\]. However, there is a lack of consensus regarding the activation triggers of Bax and Bak in cells. According to some studies, Bax and Bak are inactive and activation is triggered by pro-apoptotic Bcl-2 homology 3 domain (BH3) proteins such as cBid that target the mitochondria, and recruit and activate Bax and membrane-bound Bak \[[@B8]--[@B10]\]. However, results from other studies suggest that both Bax and Bak are constitutively active and held in check by the anti-apoptotic machinery. In this scenario MOMP occurs when BH3 proteins liberate activated Bax or Bak from the anti-apoptotic proteins \[[@B11],[@B12]\]. In these studies, it is unclear how Bax and Bak are activated since, when purified, both proteins are at best poorly active \[[@B13],[@B14]\]. Moreover, most Bax is found in the cytoplasm of asynchronously growing cells \[[@B15]\].

Aside from BH3 proteins, additional reported triggers of Bax activation include: detergents, heat, alterations in pH and in cells, oxidative conditions, proteolytic cleavage and phosphorylation \[[@B6],[@B16]--[@B21]\]. Furthermore, three small molecules, BAM7, Compound 106 and SMBA1, have been reported to be activators of Bax \[[@B22]--[@B24]\]. All three compounds were identified in virtual docking screens using Bax. Each of these docking studies was designed to identify molecules that can occupy specific sites on Bax. Compound 106 occupies the hydrophobic groove of Bax that binds BH3 proteins, SMBA1 docks in the small pocket around the Ser^184^ residue in the membrane-binding domain of Bax and BAM7 selectively engages a site that binds a stapled Bim BH3 peptide. Virtual docking at previously identified BH3 peptide-binding sites precludes identification of molecules that modulate Bax activity by binding to a different site and is unlikely to identify molecules that induce Bax activation by a mechanism different from that of the BH3 proteins.

To identify in an unbiased fashion small-molecule probes that can be used to examine the molecular mechanism of Bax activation, we screened for compounds that trigger Bax-mediated liposome permeabilization. We identified five structurally different small molecules that induce both the localization and oligomerization of Bax at membranes. Unexpectedly, all of these molecules activated Bax by a similar mechanism unlike that of Bax activation by BH3 proteins. Further analysis of the molecules in cells revealed, as expected, that some of the compounds induced apoptosis in cells via a Bax/Bak-dependent mechanism. Structure--activity analysis of the most active of these compounds indicated that binding specificity rather than the physicochemical properties of the molecule mediated Bax activation. Surprisingly, activation of Bax by the small molecule requires the cysteine residue at position 126 of Bax, a residue not required for BH3 protein-mediated activation of Bax. These and other data strongly suggesting that BH3 proteins and the small molecules activate Bax by different mechanisms provide insights into alternative mechanisms for regulating Bax activity in cells.

MATERIALS AND METHODS
=====================

Materials
---------

8-Aminonaphthalene-1,3,6-trisulfonic acid, disodium salt (ANTS), *p*-xylene-bis-pyridinium bromide (DPX), Dulbecco\'s modified Eagle\'s medium (DMEM) and FBS were obtained from Life Technologies. Terbium III chloride hexahydrate (TBCl~3~·6H~2~O) and pyridine-2,6-dicarboxylic acid (also known as dipicolinic acid or DPA) were obtained from Sigma. Lipids were obtained from Avanti Polar Lipids. Disuccinimidyl suberate (DSS) and *N*-ethylmaleimide (NEM) were obtained from Thermo Fisher. The anti-Bax monoclonal antibodies, 6A7 and 2D2 were gifts from Richard Youle \[[@B6]\]. The sheep polyclonal antibody against cytochrome *c* was purified in our laboratory \[[@B25]\]. Immunoblotting of Bax and cytochrome *c* was conducted at a 1:5000 dilution. Immunofluorescence using 6A7 was performed at dilutions of 1:1000. All secondary antibodies were purchased from Jackson ImmunoResearch Laboratories. For immunoblotting, secondary antibodies conjugated to horseradish peroxidase were used at a 1:20 000 dilution. For immunofluorescence, secondary antibodies conjugated to FITC were used at a 1:1000 dilution. The plasmid encoding annexin V was a gift from Seamus Martin (Trinity College Dublin, Dublin, Ireland). Alexa Fluor 488 was obtained from Life Technologies. DRAQ5 was obtained from Biostatus and used a final concentration of 5 μM. Tetramethylrhodamine, ethyl ester (TMRE) was obtained from Life Technologies and used at 10 nM final concentration. Annexin V conjugated to Alexa Fluor 488 was prepared in our laboratory and used as described previously \[[@B26]\]. Baby mouse kidney (BMK) cells and their *Bax^−/−^, Bak^−/−^* and *Bax^−/−^ Bak^−/−^* derivatives were gifts from Eileen White (Rutgers University, Piscataway, NJ, U.S.A.). All compounds except for OICR766A and its analogues were obtained from Sigma. OICR766A was obtained from Vitas M Laboratory (catalogue number STL224013). Analogues of OICR766A, SRI-1--SRI-5 were obtained from Enamine (catalogue numbers Z56176185, Z57301731, Z56976836, Z57301713 and Z57301722).

Cell culture and transfection
-----------------------------

BMK cells were cultured in DMEM containing 10% FBS. BMK cells stably expressing Smac-(1--56)--mCherry were generated as described previously \[[@B27]\]. To generate BMK cells expressing human Bax, *Bax^−/−^ Bak^−/−^* BMK cells were transfected with the mammalian expression vector (pvitro) expressing wild-type (Wt) human Bax. Clones expressing Bax were maintained in 3 μg/ml blasticidin.

Protein purification and labelling
----------------------------------

Recombinant cBid, Bim, Bax and Bcl-XL were expressed and purified as described previously \[[@B8],[@B10],[@B14],[@B25]\]. During the Bax and Bcl-XL purification, the intein tag was cleaved by incubation of the chitin beads with 100 mM 2-mercaptoethanol for 48 h at 4°C. Only batches of Bax with \<15% autoactivity in the liposome permeabilization assay were used. To modify cysteine residues, Bax was labelled with NEM by incubation with a 10-fold molar excess in buffer containing 10 mM Hepes (pH 7.2), 200 mM sodium chloride, 0.1 mM EDTA and 10% glycerol at room temperature for 2 h. Excess NEM was removed by dialysis.

Liposome preparation
--------------------

Mitochondria like liposomes with a lipid composition of 48% phosphatidylcholine, 28% phosphatidylethanolamine, 10% phosphatidylinositol, 10% dioleoyl phophatidylserine and 4% tetraoleoyl cardiolipin were prepared in assay buffer containing 10 mM Hepes (7.2), 200 mM potassium chloride, 5 mM magnesium chloride and 0.2 mM EDTA as described previously \[[@B14],[@B25]\].

Liposome permeabilization assays
--------------------------------

Liposomes encapsulating 12.5 mM ANTS and 45 mM DPX were prepared and assayed as described previously \[[@B14],[@B25]\]. In this assay, background values (*F*~0~) were obtained by measuring the fluorescence of liposomes in the presence of compounds at 1 min intervals for at least 10 min at 37°C (Ex: 355 nm and Em: 520 nm). Proteins (cBid and/or Bax) were added at *t*=0 and fluorescence was measured at 37°C for 3 h. *F*~100~ was obtained by adding Triton X-100 at a final concentration of 0.2% (w/v) and measuring fluorescence for 10 min at 37°C. The percentage of ANTS/DPX release was calculated as \[(*F*−*F*~0~/*F*~100~−*F*~0~)\]×100. All reactions were carried out in the 96 half-area non-binding plates (Corning \# 3686). For the primary screen, compounds from the Canadian Compound Collection and the Ontario Institute for Cancer Research (OICR) diversity subset were screened at 10 μM. Compounds with high background fluorescence were re-assayed with liposomes encapsulating Tb--DPA (0.8 mM TbCl~3~ and 2.4 mM DPA) prepared in assay buffer without EDTA. The assay was conducted similarly to the ANTS/DPX assay described above except that the liposomes were assayed in assay buffer containing 5 mM EDTA and *F*~100~ was obtained by permeabilizing the liposomes with 0.5% CHAPS (Ex: 276 nm and Em: 545 nm).

Mitochondria isolation and permeabilization assay
-------------------------------------------------

Heavy membranes containing mitochondria were isolated from BMK cells \[[@B27]\]. Briefly, cells were harvested and washed twice in PBS. Cells were lysed by nitrogen cavitation at 150 psi (1 psi=6.9 kPa) for 10 min on ice in lysis buffer containing 250 mM sucrose, 150 mM potassium chloride, 20 mM Hepes (7.2) and 1 mM EDTA supplemented with Complete protease inhibitor cocktail (Roche). To remove nuclei and cell debris, the lysate was centrifuged at 2000 ***g*** for 4 min at 4°C. Mitochondria were then obtained by centrifugation of the supernatant at 13000 ***g*** for 10 min at 4°C and washed once in lysis buffer. For Smac--mCherry release assays mitochondria and cytochrome *c* release assays, mitochondria were diluted to 0.2 and 1 mg/ml protein concentration respectively. Then 50 μl Fifty microlitres of mitochondrial fractions were incubated with the indicated concentrations of compounds and protein at 37°C for 30 min. Another centrifugation step at 13000 ***g*** for 10 min was performed after incubation. For Smac--mCherry release assays, fluorometric analysis was conducted on the supernatant (*F*~S~) and pellet fractions (*F*~P~) (Ex: 580 nm and Em: 610 nm). The percentage release of Smac--mCherry was calculated as (*F*~S~/*F*~S~ + *F*~P~) × 100. For cytochrome *c* release assays, supernatant and pellet fractions were analysed by immunoblotting and densitometry analysis was carried out using ImageJ (NIH).

Membrane-binding assay
----------------------

Membrane-binding assays were performed as described previously \[[@B25]\]. Briefly, samples containing liposomes (300 μM lipids) were incubated with Bax and the compounds/cBid at 37°C for 2 h. Membrane-bound protein was separated from free protein by gel-filtration chromatography on Sepharose CL-2B resin and fractions were analysed using immunoblotting. Quantitative analysis of the fractions was performed using intensity measurements in ImageJ. Membrane binding was measured by comparing the intensities of membrane-bound proteins (fraction 3--6) with the total protein in all of the fractions.

Cross-linking
-------------

Cross-linking studies were carried out as described previously \[[@B25]\]. Briefly, 100 nM Bax and compounds at the indicated concentrations were incubated in the absence or presence of liposomes (300 μM total lipids) for 2 h at 37°C in a low protein- binding plate (Corning 3686). Cross-linking was performed using DSS at a final concentration of 2 mM for 30 min at room temperature. The reaction was subsequently quenched by the addition of Tris/HCl (pH 8) at a final concentration of 20 mM. Bax oligomers were detected on immunoblots using the 2D2 antibody. Quantitative analysis of dimers and higher-order Bax oligomers was performed using intensity measurements in ImageJ.

Liposome partitioning assay
---------------------------

Liposomes encapsulating ANTS/DPX or Tb--DPA were prepared as described above. To assess partitioning of the compounds into liposomes, liposomes were incubated with the compounds at 37°C for 1 h. Membrane-partitioned compounds were separated from free compound by passing the liposomes over a Sepharose CL-2B gel-filtration column. Bax was added to these liposomes and permeabilization was assayed as described above.

Isothermal titration calorimetry (ITC)
--------------------------------------

ITC runs were performed using the MicroCal ITC200 (Malvern Instruments). For sample preparation, Bax was dialysed against 10 mM Hepes (pH 7.2), 200 mM sodium chloride and 0.1 mM EDTA and diluted to a final concentration of 20 μM. The compounds were diluted in Bax dialysis buffer and titrated from a 150 μM solution. All experiments were performed at 25°C. Data analysis was performed using Origin Software (MicroCal).

Live-cell imaging and analysis
------------------------------

Cells were plated at a cell density of 2000 cells/well in 384-well plates. At 24 h after plating, the cells were treated with the compounds at the indicated concentrations for 24 h. At 30 min prior to imaging, the cells were stained with DRAQ5, TMRE and annexin V--Alexa Fluor 488 in annexin V-binding buffer containing 10 mM Hepes \[[@B7]\], 150 mM sodium chloride, 5 mM potassium chloride, 1 mM magnesium chloride and 1.8 mM calcium chloride \[[@B26]\]. Image acquisition was performed using the Opera High Content Screening System (PerkinElmer) with a ×20 air objective. For every independent experiment, each treatment dose was conducted in a minimum of duplicate wells and a minimum of five different fields of view (∼50 cells/field) were acquired for each well. For each cell, the nucleus and cytoplasm were identified using the DRAQ5 intensity as described previously \[[@B28]\]. Intensity features and morphology features were extracted using a custom Acapella high content imaging and analysis software (PerkinElmer) script available for free download at <http://www.andrewslab.ca>. Thresholds were determined as the average intensity plus two standard deviations in the annexin V/TMRE channel in DMSO-treated cells.

Immunofluorescence
------------------

BMK cells stably expressing human Wt Bax or empty vector were treated for 24 h and, at the end of the treatment, the cells were fixed and immunostained using the 6A7 primary monoclonal antibody and a secondary donkey anti-mouse antibody conjugated to FITC. Cells were stained with DRAQ5 30 min prior to imaging. Image acquisition and analysis was performed as described above.

Cell survival and regrowth
--------------------------

BMK cells were treated with OICR766A for 24 h as described above in 384-well plates. The compound was washed away after treatment and cells were left in regular medium for 24 h. Cells were trypsinized and re-plated in 96-well plates and incubated in growth medium for 3 days. Surviving cells were stained with Crystal Violet and assessed by absorbance measurements at 600 nm.

RESULTS AND DISCUSSION
======================

Five small molecules activate Bax in liposomes and enriched mitochondria
------------------------------------------------------------------------

In order to identify probes of Bax activation, a screen was conducted for compounds that caused Bax-mediated permeabilization of liposomes encapsulating a fluorophore (ANTS) and a quencher (DPX). Permeabilization of these liposomes results in an increase in fluorescence due to the increase in distance between the released dye and quencher \[[@B14]\]. As a positive control for membrane permeabilization, we used the known Bax activator protein cBid (Supplementary Figure S1A) \[[@B8]\]. To correct for intrinsic fluorescence of the compounds and to identify compounds that lyse liposomes directly, fluorescence intensity was also measured without adding Bax. Compounds with high background fluorescence were re-assayed using liposomes encapsulating the fluorescent complex Tb--DPA in a buffer containing EDTA. In this case, fluorescence is recorded at different wavelengths than for ANTS/DPX and liposome permeabilization causes a decrease in fluorescence because EDTA disrupts the Tb--DPA complex \[[@B29]\].

After primary and secondary screening, five compounds met the criteria as *bona fide* hits including: OICR766A, phenylmercuric acetate (PMA), ebselen, ZM39923 hydrochloride (referred to as ZM hereafter) and plumbagin. The relative potency of the compounds was established by re-assaying them at various concentrations. All five compounds permeabilized liposomes in a Bax- and dose-dependent fashion ([Figure 1](#F1){ref-type="fig"}A). In control experiments, the highest dose of the compound alone had no effect on liposome integrity (Supplementary Figure S1A).

![Structurally diverse compounds activate Bax\
(**A**) Compounds trigger Bax to permeabilize liposomes. Liposomes encapsulating ANTS and DPX were incubated with 100 nM Bax and the indicated concentrations of the compounds. Due to interfering fluorescence from the compound, ZM39923 was assayed using liposomes encapsulating Tb--DPA. Membrane permeabilization was assayed by measuring the increase in ANTS fluorescence or the decrease in Tb--DPA fluorescence. Results are compared with lysis with detergent (100%) and represented as means ± S.D. (*n*=3). (**B**) Compounds trigger Bax to permeabilize mitochondria. Mitochondria from *Bax^−/−^ Bak^−/−^* BMK cells containing Smac--mCherry were incubated with 20 nM Bax and the indicated concentrations of the compounds. Permeabilization was assayed by pelleting the mitochondria and measuring the fluorescence of the supernatant and pellet fractions. The fraction of Smac--mCherry in the supernatant fraction was determined and results are represented as means ± S.D. (*n*=3). (**C**) Structures of the five small-molecule Bax activators. (**D**) Compound-induced Bax oligomerization in liposomes. Bax at 100 nM was incubated with 20 nM cBid/Bim or 10 μM of the indicated compounds in the presence of liposomes. Cross-linking was performed with DSS followed by immunoblotting (Supplementary Figure S1C). Band intensities of dimer ∼42 kDa and higher-order oligomers (\>42 kDa) were quantified using ImageJ. Results are represented as the fold change in Bax intensity relative to the no compound (DMSO) lane ± S.D. (*n*=3). (**E**) Compound-induced Bax oligomerization in solution. Quantification of Bax oligomerization assessed by cross-linking in the absence of liposomes as described in (**D**) (immunoblots shown in Supplementary Figure S1D). As a positive control, Bax was incubated with 1% Triton X-100. (**F**) Compound-induced Bax binding to liposomes correlates with permeabilization. Bax at 100 nM was incubated with 10 μM of the compounds or 20 nM cBid in the presence of liposomes. Membrane-bound Bax was separated from soluble Bax using gel-filtration chromatography and analysed using immunoblotting. Results are represented as the percentage of membrane-bound Bax compared with the percentage of liposome permeabilization from (**A**) (error bars show S.D.). Membrane binding was measured by comparing the intensities of membrane-bound proteins (fractions 3--6) with the total protein in all of the fractions (Supplementary Figure S1E; *n*=3).](bj4731073fig1){#F1}

To further validate the compounds as Bax activators in biological membranes, we assayed their activity in mitochondria isolated from *Bax*^−/−^ *Bak*^−/−^ BMK cells engineered to stably express Smac-(1--56)--mCherry. This fusion protein includes residues 1--56 (the intermembrane mitochondrial targeting signal peptide) of Smac, an intermembrane space protein released during apoptosis, fused to the fluorescence protein mCherry \[[@B30]\]. Bax activated by cBid leads to Smac--mCherry release that can be measured quantitatively using a fluorimeter (Supplementary Figure S1B). Consistent with the results using liposomes, the compounds triggered dose-dependent Bax-mediated permeabilization of mitochondria ([Figure 1](#F1){ref-type="fig"}B). Without Bax, the compounds did not result in significant mitochondrial permeabilization at concentrations up to 10 μM (Supplementary Figure S1B). In both liposomes and mitochondria-based assays, OICR766A had the greatest effect enhancing the pro-apoptotic activity of Bax with EC~50~ values of ∼0.1 μM and ∼0.9 μM, respectively ([Table 1](#T1){ref-type="table"}). Interestingly, the five molecules are structurally unrelated demonstrating that Bax can be activated by a variety of molecules ([Figure 1](#F1){ref-type="fig"}C). That Bax responds to such diverse structures suggests that it may also respond to one of more chemical triggers that accumulate in cells in response to stress or intoxication.

###### Bax activation by compounds

  Compound    EC~50~ in liposomes (μM)   EC~50~ in mitochondria (μM)
  ----------- -------------------------- -----------------------------
  OICR766A    0.1                        0.9
  Ebselen     0.6                        1.1
  PMA         0.2                        1.3
  ZM          \>3                        3.5
  Plumbagin   \>3                        1.5

Compounds induce oligomerization and membrane localization of Bax
-----------------------------------------------------------------

To examine the molecular mechanism by which the small molecules induce Bax activation, compound-induced oligomerization and membrane localization of Bax were measured biochemically. To determine whether the compounds were inducing Bax to form oligomers, we performed cross-linking experiments using DSS in reactions containing liposomes \[[@B25],[@B31]\]. As positive controls for Bax oligomerization, we used cBid and Bim which have been shown to induce Bax oligomerization \[[@B10]\]. As expected, the compounds induced the formation of higher- order Bax complexes with OICR766A, and PMA having the most pronounced effects on Bax oligomerization ([Figure 1](#F1){ref-type="fig"}D and Supplementary Figure S1C).

Unlike pro-apoptotic BH3 proteins, in the absence of membranes, both OICR766A and ebselen had pronounced effects on the formation of dimers and higher-order Bax oligomers in solution ([Figure 1](#F1){ref-type="fig"}E and Supplementary Figure S1D). In control experiments, no effects on Bax oligomerization were observed upon addition of cBid or Bim to Bax in solution ([Figure 1](#F1){ref-type="fig"}E), a result consistent with our previous observations that Bax inserts into membranes as monomers that then oligomerize \[[@B8]\]. Additionally, in solution, Triton X-100 predominantly induced the formation of dimers with very little higher oligomers, consistent with previous results showing that detergents such as Triton X-100 and octylmaltoside induce the formation of domain-swapped Bax homodimers believed to be inactive \[[@B6],[@B32],[@B33]\]. Taken together, these data suggest that the molecular mechanism by which the compounds activate Bax differs significantly from that by cBid or Triton X-100.

Previously we have shown that, in the presence of liposomes, Bax undergoes a reversible conformational change that exposes a normally hidden epitope recognized by the monoclonal antibody 6A7 \[[@B14]\]. Exposure of this epitope strongly correlates with activation of the oligomerization and pore-forming activities of Bax. It was also possible to detect the formation of reversible Bax oligomers in the presence of liposomes \[[@B25]\]. However, neither exposure of the 6A7 epitope nor the formation of these transient oligomers is sufficient to permeabilize membranes until an activator protein is introduced \[[@B8]\]. Therefore, although the compounds identified here induce changes to Bax in solution, it is possible that a substrate membrane is still required for Bax to undergo all of the functional conformational changes associated with its activation to permeabilize membranes.

In unstressed cells, Bax is typically a cytoplasmic or peripheral membrane protein that binds tightly to membranes only upon activation by a membrane-bound BH3 protein \[[@B28]\]. To determine the effect of the compounds on Bax binding to membranes, Bax was incubated with the compounds in the presence of liposomes and then the reactions were passed over a size-exclusion column to separate membrane-bound Bax from unbound protein. Immunoblots of the fractions revealed that incubation with the compounds or in control reactions with cBid increased the amount of Bax that is eluted in the excluded fractions containing membranes (fraction 3--6) (Supplementary Figure S1E), a result consistent with triggering Bax oligomerization. The fraction of Bax that elutes in the bound fractions varies for each compound and correlates positively with membrane permeabilization ([Figure 1](#F1){ref-type="fig"}F). Taken together, these results indicate that the conformational changes that occur when the compounds trigger Bax oligomerization in solution allow it to bind to membranes productively leading to membrane permeabilization.

Bax activation is not mediated by partitioning of the compounds into liposome membranes
---------------------------------------------------------------------------------------

Given that hydrophobic small molecules can partition into membranes, and that membranes trigger transient conformational changes in Bax, we sought to rule out the possibility that membrane permeabilization was due to the compound altering the physical properties of the membranes making them prone to spontaneous fusion such that the altered liposomes mediate Bax activation and oligomerization \[[@B34]\]. To test this hypothesis, we used a modified version of the dye release assay in which liposomes were first incubated with the compounds and then passed over a gel-filtration column to separate the liposomes and any bound compound from unpartitioned compound. Thereafter, membrane permeabilization was compared for Bax and liposomes pre-incubated with the compounds to liposomes in which Bax and the compounds were added simultaneously as a control. Pre-incubation of the liposomes with the compounds did not result in Bax activation, suggesting that that activation of Bax was unlikely to be due to an effect of the compounds on the liposome membranes (Supplementary Figure S1F).

OICR766A induces apoptosis in cells
-----------------------------------

To determine whether the compounds induce Bax/Bak-dependent apoptosis in cells, we examined their effects on Wt and *Bax^−/−^ Bak^−/−^* double knockout (DKO) BMK cells. Apoptotic cell death was monitored using triple staining with annexin V, TMRE and DRAQ5 to measure externalization of phosphatidylserine (a hallmark of apoptosis), loss of mitochondrial membrane potential and nuclear/chromatin condensation respectively. Among the five compounds tested, annexin V staining indicated that OICR766A ([Figure 2](#F2){ref-type="fig"}A), PMA and plumbagin (Supplementary Figure S2A) had the most pronounced effects on apoptosis of Wt compared with the DKO cells. Even though ebselen has been reported to kill leukemia cells, we found that it was not toxic to Wt or DKO BMK, cells suggesting that it may be either metabolized or pumped out of the cells \[[@B35]\]. ZM killed both cell types with an EC~50~ of ∼10 μM, suggesting that in cells the drug has other more toxic activities than Bax activation, a result consistent with previous publications \[[@B36]\]. Since OICR766A was the most effective Bax activator *in vitro* ([Figure 1](#F1){ref-type="fig"}), and had the largest differential kill between Wt and DKO cells ([Figure 2](#F2){ref-type="fig"}A) we analysed the activity of this compound in more detail.

![OICR766A induces cell death by a Bax/Bak-dependent mechanism\
(**A**--**C**) Cell death measured for Wt and *Bax^−/−^ Bak^−/−^* (DKO) BMK cells treated with the indicated concentrations of OICR766A for 24 h prior to imaging. Results are presented as the percentage of cells scored as dead for duplicate wells from three independent experiments ± S.E.M. (**A**) Externalization of phosphatidylserine. Cell death was assessed by annexin V--Alexa Fluor 488 staining intensity above a calculated threshold. (**B**) Loss of mitochondrial transmembrane potential. Loss of mitochondrial transmembrane potential was assessed for the same cells from (**A**) as decreased staining with TMRE below a calculated threshold. (**C**) Nuclear condensation. Nuclear area was measured for the same cells as in (**A**) by staining with DRAQ5. (**D**) Representative images of Wt and DKO BMK cells as indicated on the right, treated with DMSO or OICR766A as indicated on the left for 24 h. Cells were stained with annexin V (to detect externalized phosphatidylserine as indicative of loss of plasma membrane asymmetry), TMRE (mitochondrial membrane potential) and DRAQ5 (nuclear morphology) as indicated above the columns. The scale bar indicates 10 μm. (**E**) Bax activation. DKO BMK cells stably expressing human Wt Bax or empty vector were treated for 24 h with OICR766A as indicated. Immunofluorescence intensity above a threshold with an antibody (6A7) that binds an epitope exposed during activation of Bax was used to score cells as stained or unstained. Results are represented as the percentage increase in the number of cells with positive 6A7 staining relative to the DMSO control ± S.E.M. of duplicate wells from *n*=3 independent experiments. (**F**) Externalization of phosphatidylserine. Wt, *Bax^−/−^, Bak^−/−^* or *Bax^−/−^ Bak^−/−^* BMK cells were treated at the indicated concentrations of OICR766A and analysed as in (**A**) (*n*=3). (**G**) Mitochondrial permeabilization. Mitochondria from *Bax^−/−^* BMK cells were incubated with OICR766A at the indicated concentrations or 5 nM cBid as a positive control and then the mitochondria were pelleted (P) by centrifugation. Permeabilization results in release of cytochrome *c* from the mitochondria into the supernatant (S). The blot is representative of three independent experiments.](bj4731073fig2){#F2}

Annexin V staining revealed that 2.5--5 μM OICR766A killed Wt but had limited activity in DKO cells. However, at 10 μM, it was equally toxic to both Wt and DKO cells, suggesting significant off-target toxicity ([Figure 2](#F2){ref-type="fig"}A). These data were further corroborated by reduced staining of the Wt cells with the membrane potential-sensitive dye TMRE, demonstrating a greater loss in membrane potential in Wt than in the DKO cells at similar doses ([Figure 2](#F2){ref-type="fig"}B). Interestingly, quantitative measurements of nuclear condensation indicated that OICR766A treatment decreased nuclear size of both Wt and DKO cells with only a marginally greater effect on the Wt cells between 2.5 and 5 μM ([Figure 2](#F2){ref-type="fig"}C). Representative fluorescence images displaying staining with annexin V, TMRE and DRAQ5 for cells treated with 2.5 μM OICR766A are shown in [Figure 2D](#F2){ref-type="fig"}. At 2.5 μM OICR766A also killed DKO cells expressing exogenous human Bax (Supplementary Figure S2B). Consistent with the mechanism of cell death at lower concentrations being due to activation of Bax, almost 80% of cells stained with an antibody specific for the active form of Bax (6A7) after treatment with 2.5 μM OICR766A ([Figure 2](#F2){ref-type="fig"}E).

Bax and Bak are functionally equivalent in many cell types, therefore we tested cells expressing Bax or Bak for sensitivity to OICR766A \[[@B37],[@B38]\]. At 2.5 μM the compound killed cells expressing either Bax or Bak ([Figure 2](#F2){ref-type="fig"}F). Off-target activity of the compound in cells could result in indirect activation of Bak, therefore we measured direct activation of Bak by OICR766A *in vitro*. For these experiments mitochondria isolated from *Bax^−^/^−^* BMK cells were incubated with increasing concentrations of OICR766A. Even at the maximum concentration assayed (40 μM), there was no detectable release of the intermembrane space protein cytochrome *c* ([Figure 2](#F2){ref-type="fig"}G). This contrasts markedly with the effect of OICR766A on mitochondria with Bax and no Bak ([Figure 1](#F1){ref-type="fig"}B). Thus, these results suggest that in live cells OICR766A indirectly activated Bak to mediate apoptosis of *Bax^−^/^−^* BMK cells. Consistent with this interpretation and the data in [Figure 2C](#F2){ref-type="fig"}, when the Wt and DKO cells were assayed for cell survival and regrowth after OICR766A treatment, no difference was observed in the survival response (Supplementary Figure S2C). Thus, Bax activation is only one mechanism by which OICR766A kills cells, limiting the utility of the compound for cell-based studies.

OICR766A-activated Bax is poorly inhibited by Bcl-XL
----------------------------------------------------

To examine the molecular mechanism of Bax activation by OICR766A in more detail, we measured inhibition of compound-activated Bax by the anti-apoptotic protein Bcl-XL. Bcl-XL functions as a dominant-negative Bax to inhibit membrane permeabilization by binding to Bax directly and inhibiting its oligomerization (Mode 2). However, Bcl-XL also inhibits apoptosis by binding to the BH3 proteins, thereby preventing activation of Bax (Mode 1) \[[@B25],[@B39]\]. The two modes can be differentiated using cBid mt1, a mutant of Bid that activates Bax but does not bind to and therefore cannot be inhibited by Bcl-XL \[[@B25],[@B40],[@B41]\]. Therefore, we compared inhibition of Bax membrane-permeabilizing activity by the anti-apoptotic protein Bcl-XL for Bax activated by OICR766A and cBid mt1. Preliminary experiments demonstrated that Bcl-XL inhibited liposome permeabilization by cBid mt1 and Bax much better than it inhibited OICR766A and Bax. Therefore Bcl-XL-mediated inhibition of liposome permeabilization was compared for reaction conditions in which cBid mt1 and Bax permeabilized ∼70% and OICR766A and Bax permeabilized ∼40% of liposomes, respectively. As the concentration of Bcl-XL was increased, cBid mt1/Bax-mediated liposome permeabilization decreased from ∼70% to ∼10% at 160 nM Bcl-XL ([Figure 3](#F3){ref-type="fig"}A, dotted line). In contrast, 300 nM Bcl-XL was required to decrease liposome permeabilization by OICR766A and Bax from roughly 40% to 18% ([Figure 3](#F3){ref-type="fig"}A, continuous line). Thus, whereas OICR766A-activated Bax mimics cBid mt1-activated Bax, given the difference in sensitivity to Bcl-XL and the data above suggesting the compound activates soluble Bax, we speculated that the mechanism of Bax activation by OICR766A is different from activation by BH3 proteins.

![The molecular mechanisms of Bax activation by OICR766A and cBid are different\
(**A**) Bcl-XL poorly inhibits OICR766A compared with cBid mt1-mediated activation of Bax. Bax at 100 nM and 1 μM OICR766A or 20 nM cBid mt1 were added to liposomes encapsulating ANTS/DPX and the indicated concentrations of Bcl-XL. Membrane permeabilization was assayed by the increase in fluorescence compared with liposome lysis with detergent (100%) as in [Figure 1A](#F1){ref-type="fig"} (*n*=3). (**B**) OICR766A binds to Bax. ITC analysis of 20 μM Bax with successive additions of 2 μl from a 150 μM stock of OICR766A (left panel) and SRI-1 (right panel). Raw injection heats are shown in the top panel and corresponding isotherms fitted to a one-site model in the bottom panel. Shown here is one representative titration of least three independent replicates. (**C**) Mitochondrial permeabilization. Mitochondria from *Bax^−/−^ Bak^−/−^* BMK cells expressing Smac--mCherry were incubated with 10 μM OICR766A analogue and 20 nM Bax and assayed as described in [Figure 1B](#F1){ref-type="fig"} (*n*=3). (**D**) Structures of OICR766A analogues tested in (**C**). Names are indicated below the structures.](bj4731073fig3){#F3}

OICR766A binds to Bax
---------------------

To determine whether OICR766A binds directly to Bax and if so with what stoichiometry, we monitored the binding thermodynamics by ITC. Titration of OICR766A into 20 μM Bax yielded a dissociation constant (*K*~D~) of 255 nM ± 58 nM and a compound/Bax stoichiometry of no more than 1:1 ([Figure 3](#F3){ref-type="fig"}B, left panel). A structural analogue of OICR766A, SRI-1, with similar physicochemical properties, failed to induce Bax mediated permeabilization in mitochondria ([Figures 3](#F3){ref-type="fig"}C and 3D). This compound also displayed no detectable binding to Bax in the ITC measurements ([Figure 3](#F3){ref-type="fig"}B, right panel). In contrast four other analogues of OICR677A (SRI-2--SRI-5, [Figure 3](#F3){ref-type="fig"}D) all activated Bax to permeabilize mitochondria ([Figure 3](#F3){ref-type="fig"}C). These data demonstrate that OICR766A-mediated Bax activation is induced by direct binding of OICR766A and that this interaction is structure-specific.

Cysteine 126 of Bax is required for activation by OICR766A
----------------------------------------------------------

Bax has two cysteines located at positions 62 and 126 \[[@B42]\]. Conflicting reports exist on the role of the cysteines in Bax activation and oligomerization. It has been reported that for Bax activation in cells, Cys^62^ is required under oxidative conditions whereas Cys^126^ appears to be required for activation by DHHC protein acyltransferase family members or prostaglandins \[[@B18],[@B43],[@B44]\]. In contrast, data from other studies suggest that in cells neither cysteine is required during Bax-mediated cell death in response to etoposide or staurosporine \[[@B45]\]. Because all of these measurements were made in cells, it is difficult to evaluate the relative importance of direct and indirect effects. To investigate the involvement of Bax cysteines for compound-mediated Bax activation directly, we used genetic elimination or chemical modification of the cysteine residues with NEM. Both treatments dramatically reduced activation of Bax by OICR766A, but not by cBid ([Figure 4](#F4){ref-type="fig"}A) or Bim (Supplementary Figure S3A). To examine the individual cysteine residues, each was mutated to alanine. Bax C62A was activated, whereas C126A Bax was almost completely resistant to chemical activation by OICR766A and the other two compounds that activated Bax at mitochondria, ZM and ebselen ([Figure 4](#F4){ref-type="fig"}A and Supplementary Figure S3B). Although it is possible that all three compounds react with Cys^126^, the differences in the structures of the compounds suggest that they are interacting with the Cys^126^ through distinct binding modes. Of note, covalent modification of Cys^126^ with other compounds (e.g. fluorophores \[[@B8]\]) is not sufficient to activate Bax. These results suggest that Cys^126^ is most likely to be part of the compound-binding site and modification or substitution alters the binding site sufficiently to prevent the compounds from activating the protein.

![OICR766A mediated Bax activation requires Cys^126^\
(**A**) Mitochondrial permeabilization. Mitochondria from *Bax^−/−^ Bak^−/−^* BMK cells containing Smac--mCherry were assayed with 20 nM Bax and 10 μM OICR766A or 2 nM cBid as a positive control and assayed as described in [Figure 1B](#F1){ref-type="fig"} (*n*=3). (**B**) OICR766A-Bax binding. ITC analysis of 20 μM Bax mutants C62A, C126A and C62A C126A titrated with OICR766A as described in [Figure 3C](#F3){ref-type="fig"}.](bj4731073fig4){#F4}

To determine whether Cys^126^ is required for compound binding to Bax or for some other aspect of Bax activation (e.g. insertion into membranes) we measured OICR766A binding to the cysteine mutants using ITC. Consistent with Cys^126^ forming part of the compound-binding site, a direct interaction between Bax and OICR766A was observed for Bax with a cysteine residue at this position (C62A) with a *K*~D~ of 266±136 nM but not for Bax C126A or for the double cysteine mutant ([Figure 4](#F4){ref-type="fig"}B). Taken together, these results indicate that Cys^126^ is required for OICR766A to bind to Bax. We could not address the cysteine requirement for activation of Bax by OICR766A in cells due to off-target effects. However, it is likely that the mechanism of Bax activation by the compound is similar in cells.

In summary, our data show that, although cBid, Bim and OICR766A function to activate Bax, they differ in the mechanism by which this happens. Unlike cBid and Bim, OICR766A triggers oligomerization of Bax in the absence of membranes, is poorly inhibited by Bcl-XL and requires Bax Cys^126^ ([Figure 5](#F5){ref-type="fig"}). Thus multiple mechanisms exist for Bax activation and we speculate that the mechanism of Bax activation by small molecules allows Bax to respond to cellular signals, drug intoxication and/or metabolites independently of BH3 proteins. Our results may also explain why, in some cells, Bax and Bak appear to be constitutively activated without up-regulation of BH3 proteins \[[@B11],[@B46]\]. In cells, dual-activation pathways may be particularly important for the integration of multiple stimuli. Insights gained into alternative mechanisms for targeting Bax using the small molecules here revealed a novel pathway for the activation of Bax that is druggable and may prove to be an advantageous therapeutic target in some disease states including cancers where cells are dependent on sequestration of BH3 proteins (Mode 1) inhibition of apoptosis.

![Comparison of Bax activation by BH3 proteins and OICR766A\
Left: BH3 proteins recruit and activate Bax at the membrane. Upon activation, Bax either integrates into the membrane and oligomerizes or binds to and is inhibited by Bcl-XL. Oligomerization of Bax permeabilizes the membrane by an unknown mechanism. Right: OICR766A activates Bax in the cytoplasm. OICR766A-mediated Bax oligomerization and activation requires Cys^126^ of Bax. Activated Bax dimers and oligomers (for simplicity only dimers are shown) then bind to and integrate into membranes by a process inefficiently inhibited by Bcl-XL. Bax oligomers permeabilize the membrane by an unknown mechanism.](bj4731073fig5){#F5}
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ANTS

:   8-aminonaphthalene-1,3,6-trisulfonic acid, disodium salt

BH3

:   Bcl-2 homology 3 domain

BMK

:   baby mouse kidney

DKO

:   double knockout

DMEM

:   Dulbecco\'s modified Eagle\'s medium

DPA

:   pyridine-2,6-dicarboxylic acid (dipicolinic acid)

DPX

:   *p*-xylene-bis-pyridinium bromide

DSS

:   disuccinimidyl suberate

ITC

:   isothermal titration calorimetry

MOM

:   mitochondrial outer membrane

MOMP

:   mitochondrial outer membrane permeabilization

NEM

:   *N*-ethylmaleimide

OICR

:   Ontario Institute for Cancer Research

PMA

:   phenylmercuric acetate

Tb--DPA

:   terbium--dipicolinic acid

TMRE

:   tetramethylrhodamine, ethyl ester

Wt

:   wild-type
